Purpose Urbanization significantly changes the carbon balance of the terrestrial ecosystem, an important component of which is soil CO 2 emission. One of the main sources of soil CO 2 emission is microbial decomposition of soil organic matter. In this regard, we hypothesized a relationship between soil CO 2 emission and soil microbial properties (biomass, respiratory activity) in Moscow megapolis areas. Materials and methods Soil CO 2 emission was measured monthly (May-October) from the surface (or soil respiration, R S ) and after the sequential removal of the two top 10-cm soil layers at woody (forest park, public garden) and grassy (grassland, arable) areas. Soil temperature (ST) and soil water content were recorded in 0-10-, 10-20-, and 20-30-cm layers, from which samples were taken to measure microbial biomass carbon (C mic ) and basal (microbial) respiration (BR). Results and discussion R S ranged from 0.3 to 14.7 μmol СО 2 m −2 s −1
Introduction
A permanently increasing atmospheric concentration of carbon dioxide (CO 2 ) causes а concern for scientists, ecologists, and politicians worldwide (WMO 2017) . Soil is the largest terrestrial CO 2 source (Schlesinger and Andrews 2000) which annually releases 75-100 Gt C into the atmosphere (Bond-Lamberty and Thomson 2010). Soil CO 2 emission is an order of magnitude greater than anthropogenic fossil fuel combustion (Quere et al. 2009 ). Soil CO 2 production (СО 2 emission) is mainly provided by biological processes, namely respiration of soil microorganisms, plant roots, and fauna (Luo and Zhou 2006) .
Soil microorganisms' respiration is a significant component of soil CO 2 emission. The contribution of soil microbial respiration into soil CO 2 emission in Arctic ecosystems varies from 25 to 99% (on average 57%), in Boreal from 3 to 100% (63%), in Temperate from 16 to 100% (56%), in Mediterranean from 27 to 77% (53%), and in Tropical from 27 to 76 (48%) (Subke et al. 2006) . Thus, microorganisms are responsible for at least half of soil CO 2 emission. Therefore, there is a reason to assume some relationship between soil CO 2 emission and soil microbial properties. A strong positive correlation between soil CO 2 emission and soil microbial biomass was found in Canadian and China pine plantations (Xu and Qi 2001; Iqbal et al. 2010) as well as green tea, chestnut, and orange tree plantations (Iqbal et al. 2010 ). In the same time, correlations between soil CO 2 emission and soil microbial biomass were weak in various Australian sites (Wang et al. 2003) , arable lands in China (Lou et al. 2004) , and Indonesia (Arai et al. 2014) . Thus, the information about relationship between soils CO 2 emission and soil microbial properties remains unclear.
Soil CO 2 production results from all soil profile horizons; however, soil respiration usually decreases down the profile (Jong and Schappert 1972; Davidson and Trumbore 1995; Jassal et al. 2005; Goffin et al. 2014) . The CO 2 transport from lower soil horizons to the surface is mainly provided by diffusion through pore space (Hashimoto and Komatsu 2006) . It was shown that 70-80% of soil surface СО 2 emission originated from the upper 1-m profile in tropical forest (Davidson and Trumbore 1995) , and 75% and 87% from the upper 20-and 30-cm layers in spruce and pine forests, respectively (Jassal et al. 2005; Goffin et al. 2014) . With soil surface СО 2 emission in arable land (wheat, maize), 80% originated from the upper 30-cm layer under a deep groundwater table, and 95% from the upper 10-cm layer under a shallow one (Wiaux et al. 2015) . It might be assumed that soil surface СО 2 emission is mainly provided by productions in the upper soil layers.
Urbanization is one of the main trends in modern land use change, which transforms zonal soil properties significantly (Burghardt et al. 2015) . Soils within urban area are often referred as Burban soils^ . High inorganic and organic carbon content, heavy metals, and pH values were shown for some urban soils compared to zonal analogues . It was also indicated that soil CO 2 emission in urban areas was often higher than in natural areas (Lorenz and Lal 2009) . For example, soil СО 2 emission in woody and grassy sites of Kursk city (Central Russia) was found comparable with natural undisturbed analogues: steppe and forest (Sarzhanov et al. 2017) . Urban soils in woody and grassy sites of Boston (USA) emitted two times more CO 2 than at the rural areas nearby (Decina et al. 2016 ). In addition, urban soil intensively managed and often disturbed (mixing of soil horizons, land leveling, excavation, input of wastes, and construction debris) could lead to large short-term CO 2 release (Smagin et al. 2016) . In this regard, the study of soil СО 2 emission in different urban areas might be very useful for estimating carbon balance at local and regional levels.
Taking into account the importance of investigating CO 2 emissions from urban soils and possible relationships between CO 2 emission and soil microbial activity, our study was focused on assessing (1) soil CO 2 emission from surface and lower layers in woody and grassy areas of Moscow, (2) soil microbial biomass content and microbial respiration in topsoil and subsoil layers, and (3) the relationship between soil CO 2 emission and soil microbial properties.
Materials and methods

Design of experiments
Soils of forest park, public garden, grassland, and arable lands located near the Russian State Agrarian University named after K.A. Timiryazev (RSAU) in the Northwestern part of Moscow (55°50′ N, 37°33′ E) were studied. An average annual air temperature in the district is 5.0°C and annual precipitation is 696 mm (data from RSAU weather station). For the vegetation period (May-October), the air temperature in the study area is on average 14°C and precipitation is 435 mm. The zonal soil dominated in research areas is Retisols (WRB 2015) . The studied areas were 0.3-2.0 km from each other, and dominant vegetation and land management history are summarized in Table 1 .
In each urban area, a flat plot (~25 m 2 ) with homogeneous vegetation was chosen and soil СО 2 emission was measured monthly (May-October 2015) from the soil surface and after the sequential removal of the two top 10-cm soil layers (Fig. 1) . Soil СО 2 emission was measured from the soil surface at five spatially distributed sites (2-5 m from each other) and in three of them, it was after removing layers. Soil samples were monthly taken from the 0-10-, 10-20-, and 20-30-cm mineral layers (totally 360). Samples were freshly sieved (2-mm mesh) and divided into two portions, and one of them was stored at 4°C for no more than 2-8 weeks prior to microbiological analysis (ISO 10381-6 1993) . Another one was air dried (22°C) and used for chemical analysis then. Soil CO 2 emission was measured by the closed chamber method. Briefly, a plastic collar-base (Ø 20 cm) was cut into soil at a 2-3-cm depth, and the above-ground vegetation was preliminary cut. After half an hour, the chamber (volume 4.7 L) was set on the collar-base and connected to an infrared gas analyzer LI-820 (Li-Cor Inc., USA). Air in the chamber was mixed by a fan and air flow circulation between the chamber and analyzer was provided by a pump. Soil CO 2 emission of the studied sites was measured between 10 AM and 4 PM, and for this day period, it was found close to the average daily (Vizirskaya 2014) . The rate of soil СО 2 emission (μmol
) was calculated from linear increasing of the gas concentration inside the chamber (ppm CO 2 s −1 , R 2 ≥ 0.98) between 30 and 60 s after closing. The first top 10-cm soil layer was removed and after 0.5 h, the CO 2 emission was measured (10-cm depth). The second 10-cm soil layer was removed afterwards and after 0.5 h, the soil CO 2 emission was measured (20-cm depth). Soil temperature (Checktemp, resolution 0.1°C, accuracy ± 0.3°C; Hanna Instruments, Germany) and volumetric soil water content as a percentage (HH2 moisture meter with SM300 sensor, resolution 1 mV, accuracy ± 0.00013 mV; Delta-T Devices Ltd., UK) were recorded at the depths of 10, 20, and 30 cm immediately after soil CO 2 emission measurement.
Soil chemical properties
Soil chemical properties were determined in soil samples taken in July. Soil organic carbon content (C org , 0.5-g sample) was measured by dichromate oxidation (K 2 Cr 2 O 7 : H 2 SO 4 = 1:1, 140°C) with subsequent titration (FeSO 4 × (NH 4 ) 2 SO 4 × 6H 2 O solution). Total carbon and nitrogen contents (C and N, 0.002-g sample) were determined by spectrometry (CHN-932 LECO Corp., USA) after oxygen combustion (1100°С), and C/N ratio calculated. The pH value (soil:water = 1:2.5) was measured by electrochemistry (Sartorius Basic Meter PB-11, Germany). Soil Ca content (2-g sample) was measured by Xray fluorescence spectroscopy (Spectroscan Max-GVM, Russia).
Soil microbial properties
Soil microbial biomass carbon (C mic ) was measured by the substrate-induced respiration (SIR) method which is based on recording maximum initial CO 2 production by microorganisms after glucose addition (Anderson and Domsch 1978; Ananyeva et al. 2008) . Briefly, a soil subsample (2 g) was placed into a vial (15 mL) and glucose solution added dropwise (0.1 mL g −1 soil, 5 mg glucose g −1 soil). The vial was hermetically closed and incubated at 22°C no more than 5 h. For this time, the glucose was oxidized by soil microorganisms excluding its consumption for growth. After incubation, an air sample was taken and injected into a gas chromatograph (KristaLLyuks 4000M, BMeta-chrom^manufacturer, Russia) for measuring CO 2 concentration. The incubation time of soil samples was strictly recorded. The soil SIR rate (μL CO 2 g −1 soil h
) was calculated considering CO 2 concentration, subsample weight, and incubation time. The C mic value (μg C g −1 soil) was calculated by the following equa-
) × 40.04 + 0.37 (Anderson and Domsch 1978) .
Soil basal (microbial) respiration (BR) rate was measured by the CO 2 production rate from the subsample (2 g) incubated for 24 h at 22°C (Ananyeva et al. 2008) . The measurement of BR was carried out as described for SIR, but water (0.1 ml g −1 soil) was added to the soil instead of the glucose solution. The BR value was expressed in μg СО 2 -С g
Prior to the measurements of C mic and BR, the soil (0.3-0.5 kg) was incubated for 7 days at 22°C and 55% waterholding capacity, in order to stabilize the soil sample after manipulation (mixing, sieving, and rewetting), which might have induced an extra CO 2 efflux of soil samples (Ananyeva et al. 2008; Creamer et al. 2014 ).
Statistical data analysis
Microbiological and chemical analysis were performed in three and two replicates, respectively, the results were calculated for dry soil (105°C, 8 h) . The experimental data distribution was diagnosed graphically (with a histogram) and by the Shapiro-Wilk test. Soil СО 2 emission, C mic , and BR data Fig. 1 Design of soil preparation for measuring soil CO 2 emission from surface and subsoil layers were not normally distributed; therefore, they were logarithmically transformed. The significance of difference for experimental data between the studied sites (independent groups) was tested by one-factor analysis of variance (ANOVA) and Tukey's multiple comparison test (variance homogeneity was checked by Levene's test). The relationships between soil СО 2 emission, soil temperature, soil moisture, and microbiological and chemical properties were analyzed by Pearson's correlation or simple regression. Temporal variation of soil СО 2 emission for each area was assessed by coefficient of variation (CV, SD/mean × 100%). Statistical analysis and visualization of experimental data were performed in R 3.5.0.
Results
Soil chemical properties
The topsoil of woody areas differed in C org content and pH value, whereas C/N ratios were similar indicating nitrogen depletion (Table 2) . Within grassy areas, grassland and arable soils also differed in C org and pH, whereas C/N ratios were close (nitrogen enriched). Topsoil Ca content in the public garden was on average 2-3 times higher compared to other areas. Along a soil depth gradient, the C org content decreased in the forest park and the grassland, whereas it was not changed in the public garden and the arable. The subsoil pH value was higher in the public garden, but it was similar in other urban areas. Subsoil C/N ratios were not significantly different from topsoil in all studied areas. Soil Ca content decreased significantly with depth in the forest park, but it did not change in other urban areas.
Soil CO 2 emission
Soil СО 2 emission from surface (or soil respiration, R S ) of studied sites varied from 0.3 to 14.7 μmol СО 2 m −2 s −1 during the season (Fig. 2(A) ). High temporal variation of R S in woody areas was found (CV = 61% and 75%, public garden and forest park), whereas fluctuations in grassy areas were lower (CV = 49% and 51%, grassland and arable). The highest R S was obtained in May (grassland), June, and July (forest park, public garden) and the lowest ones were observed in August and September (four sites). Seasonal dynamics patterns were similar within and differed between woody and grassy areas. The highest R S was found in the grassland (on average 8.8 μmol СО 2 m −2 s −1
), and the lowest was in the arable sites (on average 1.0 μmol СО 2 m −2 s −1 ) (Fig. 3) . The R S in the forest park and the public garden was similar (on average 5.4 and 7.5 μmol СО 2 m −2 s −1
). Thereby, the R s in studied urban sites decreased in the following row: grassland> public garden> forest park> arable.
Soil СО 2 emission after removal of 10-and 20-cm top layers at the studied sites varied from 0.4 to 104.6 μmol СО 2 m −2 s −1 and from 0.4 to 66.2 μmol СО 2 m −2 s −1
, respectively, for the observed period. The subsoil layers of the public garden released on average 4 times more CO 2 than the surface. The R S and the subsoil CO 2 emission were similar in the forest park and the arable land, whereas R S in the grassland was on average 2-7 times higher than subsoil layers (Fig. 3) . The highest subsoil CO 2 emission was recorded in the public garden, which was on average 4, 10, and 27 times higher than in the forest park, the grassland, and the arable, respectively. The subsoil layers of woody areas accumulated high CO 2 content, which resulted in significant emission after soil disturbance. The positive significant correlation between soil CO 2 emission from surface and 10 cm (all studied sites), 20-cm depths (forest park, public garden, arable) was found (R 2 = 0.47-81 and 0.43-59, respectively) (Fig. 4) .
Soil temperature and soil moisture
Soil temperature of the top 10-cm layer varied from 4 to 21°C for the observed period (Fig. 2(B) ). The subsoil temperature was mainly lower (on average 1-2°C) than that of the reference topsoil. The R S was exponentially dependent on soil temperature (0-10 cm), moreover, in woody areas, the relationship was more evident (R 2 = 0.50-0.51, n = 30, p < 0.01) compared to grassy areas (R 2 = 0.20, n = 30, p > 0.05). Subsoil CO 2 emission at woody areas also increased with rising soil temperature.
Soil water content of the top 10-cm layer in studied sites varied from 4 to 37%, with an average of 23 ± 10% (Fig. 2(C) ). Subsoil water content in woody areas was on average 5-7% lower compared to the reference topsoil, whereas in grassy areas, it was on average 2% higher (data 1.0 a 11 a 5.1 a 7.2 a not shown). It was revealed that the R S and the subsoil CO 2 emission were weakly related to the soil water content of the studied layers (linear regression, R 2 = 0.19-0.25). Thus, the relationship between soil CO 2 emission and soil temperature was found only in woody areas.
Soil microbial biomass carbon and basal respiration
The C mic content in the upper 10-cm soil layer of studied urban areas ranged from 76 (arable, July) to 736 μg C g −1 soil (grassland, July). The C mic (0-10 cm) of the grassland and the public garden were on average 549 and 517 μg C g −1 soil, which was 2-5 times higher than that of the forest park and the arable (on average 331 and 110 μg C g −1 soil) ( , which was twice higher than that of the public garden and the arable (on average 0.47 and 0.42 μg CO 2 -C g soil
). The C mic and BR in the subsoil layers of the studied areas were 1.5-3 times and 30-62% lower, respectively, than those in the reference topsoil. It was shown that the C mic content in various soil layers was positively correlated We assessed the correlation between soil CO 2 emission (average for observed period) and microbial, chemical properties for the studied urban areas. It was found the R S was significantly and positively correlated with topsoil C mic and C org values (R 2 = 0.98-0.99, p ≤ 0.01, Fig. 6 ). No correlations between R S and BR rate, pH, and C/N ratio were found. The relationship between subsoil CO 2 emission and microbial as well as chemical properties was not significant (data not shown).
Thus, soil CO 2 emission in field and soil microbial biomass content and microbial respiration in lab were monthly measured (May-October) along the soil profile gradient of woody (forest park, public garden) and grassy (grassland, arable) areas in the Northwest Moscow. It was found that the soil CO 2 emission in woody areas was strongly dependent on soil temperature. An average R S of studied urban areas was mainly predicted with soil microbial biomass and soil organic carbon content. Subsoil СО 2 emission was mainly higher than that from the reference surface, which might illustrate the high accumulation of this gas within the urban soil profile.
Discussion
Soil CO 2 emission in urban areas
We compared the obtained soil СО 2 emissions to those measured in urban areas located in different climatic zones. In Finland, Helsinki (north of Moscow), soil CO 2 emission of forest, meadow, lawn, and cultivated land varied from 2.1 to 6.6 μmol СО 2 m −2 s −1 in May-October (Järvi et al. 2012) . In
Yekaterinburg city (Russia, the same latitude with Moscow), soils of the forest park and arboretum emitted from 0.5 to 6.8 μmol СО 2 m −2 s −1 in May-October (Smorkalov and Vorobeichik 2015) . In the cities located to the south of Moscow, soil CO 2 emission was more high compared to the northern urban areas. For example, the soil CO 2 emission of forest, lawn, and landscaped areas in Boston (USA) varied between 1.6 and 11.0 μmol СО 2 m −2 s −1 in May-November (Decina et al. 2016) . Soil CO 2 emission from grassland and forest soils in Auckland (New Zealand) varied between 1.1 and 13.9 μmol СО 2 m −2 s −1 in January-February (Weissert et al. 2016) . Soil CO 2 emission in forest park and grassland in Kursk (Central Russia) ranged from 1.1 to 11.6 μmol СО 2 m −2 s −1 in May-October (Sarzhanov et al. 2017) . It was revealed the soil СО 2 emission of studied Moscow areas (0.3-14.7 μmol СО 2 m −2 s −1
, May-October) were comparable to urban areas in the southern latitudes. This phenomenon might be due to the high air temperature in the Moscow megapolis, which was on average 1.5-2.0°C higher compared to nearby rural areas, the so-called heat island (Lokoshchenko 2014) . Moreover, the high C org contents (4-6%, 0-10 cm) in Moscow so-called artificial soils could also increase soil CO 2 emission (Vasenev et al. 2012) .
Subsurface soil CO 2 concentration is much higher than in the atmosphere, mainly due to the difference between rates of this gas production and transport to surface (Jassal et al. 2004) . It was found that the CO 2 concentration at the 15-30-cm depth of Retisols in woody and grassy ecosystems from May to October (Russia, Moscow Region) reached from 1300 to 20,400 ppmv (Makarov 1966) . In this regard, removing 10 or 20 cm of topsoil thickness formed a large CO 2 concentration gradient between the subsoil and atmosphere resulting in high emission. The similar experiment was performed by Smagin et al. (2016) at an archeological excavation in Veliky Novgorod city, Russia. The subsoil CO 2 emission after removing the upper 10-cm cultural layer in an interval from 1 to 30 min was 6-37 times higher reference surface. In our study, subsoil CO 2 emission in 30 min after removing the topsoil layer was significantly high in the public garden. The high CO 2 storage within the soil profile of the public garden might be explained by (i) carbonates present (21-23 g Ca kg
, pH 7.6-8.0) contributing abiotic CO 2 evolution (Pietri and Brookes 2008) and (ii) anthropogenic compaction of topsoil decreasing gas diffusion from subsoil to surface (Xu et al. 1992 ).
Microbial properties of urban soil
It was shown that in the topsoil of forest parks and urban lawns in Moscow, the microbial biomass content varied between 228 and 624 μg C g −1 soil and basal (microbial) respiration ranged from 0.17 to 1.32 μg C-CO 2 g −1 soil h −1 (Vasenev et al. 2012) , which is comparable to our data. The study of microbial biomass content with urban soil depth was conducted by other researchers. The C mic of upper soil horizons at public park, managed grass, and trees in Stuttgart (Germany) was higher 32-63% than lower ones, whereas values obtained for topsoil and subsoil at railway and garden areas were similar (Lorenz and Kandeler 2006) . The С mic in the forest topsoil (0-10 cm) in Beijing (China) was 44% higher than in the subsoil layers (10-20, 20-30, 30-40 cm) , whereas in the bare and impervious areas, the proportion was 1.5-2 times lower (Zhao et al. 2012) . So, microbial biomass did not decrease and for same cases even increased down the urban soil profile. In our study, the C mic decreased along the soil depth gradient. In the forest park, the studied soil С mic was lower than in the public garden, but BR was higher. This phenomenon might be explained by the difference in soil pH. It was found that soil pH decreasing led to increasing the specific respiration of soil microbial biomass indicating respiration rate per biomass unit or BR/ C mic (Blagodatskaya and Anderson 1998) . If one calculates the specific respiration, it is 3 times higher (3.12 and 0.95 μg СО 2 -С mg
) in the forest park (pH 4.7) compared to the public garden (pH 7.6). Moreover, the BR of the alkaline soil of the public garden might be underestimated because of chemical sorption of CO 2 .
4.3 Relationships between soil CO 2 emission and soil temperature, moisture, and microbial biomass It was known that the respiration of soil microorganisms and plant roots depends on temperature (Karhu et al. 2014 ; Burton In the cold biomes, the relationship between soil CO 2 emission and temperature was stronger than in warm climate (Chen and Tian 2005) . In the studied areas in Moscow, the exponential relationship between soil СО 2 emission and soil temperature was found. A stronger relationship was shown for woody areas (soil less warmed) than for grassy ones (soil more warmed). In Auckland (Australia), the relationship between soil CO 2 emission and soil temperature in the forest was also stronger than the grassland (R 2 = 0.43 and 0.19, respectively, Weissert et al. 2016) .
It is well known that an excess or shortage of water in soil inhibits microbial and root respiration activity and reduces soil CO 2 emission . In studied areas, the low soil moisture in August (average 10%) resulted in decreasing soil CO 2 emission (Fig. 2(А, С) ). While, the soil moisture in studied sites was on average 23% for the vegetation period (optimum for microorganisms and plant roots activity), which had a weak effect on variation of soil CO 2 emission (R 2 = 0.19-0.25). However, other researchers reported the strong correlation between soil СО 2 emission of urban areas and soil moisture, for example, for forest and sport fields in Oakland, Australia (r = 0.27-0.78, Weissert et al. 2016 ) and for forest park and grassland in Kursk, Russia (r = 0.44-0.50, Sarzhanov et al. 2017) .
It is well known that an important source of soil CO 2 emission is the oxidation of soil organic matter, which is mainly provided by soil microorganisms (Waksman 1952; Luo and Zhou 2006) . In this regard, we hypothesized a relationship between soil CO 2 emission and soil microbial properties (biomass, respiratory activity). In our study, the positive correlation between soil СО 2 emission and C mic was found, which is in agreement with data of other researchers. Soil CO 2 emission was also positively correlated with C mic content for arable and fallows of various ages in Russia (Karelin et al. 2017) , arable lands in China (Lou et al. 2004) , and pine forests in the USA (Litton et al. 2003) , Canada (Xu and Qi 2001) , and China (Iqbal et al. 2010) , as well as tropical forest in Indonesia (Arai et al. 2014) . Moreover, soil CO 2 emission might be also predicted by C org content (Fig. 6 ).
Conclusions
Urban area is dramatically increasing in the modern land, and that significantly changes the carbon balance of the terrestrial ecosystem in local and region scales. In this regard, the assessment of urban soil CO 2 emission is an especially important carbon balance component. We estimated soil СО 2 emission of woody (forest park, public garden) and grassy (grassland, arable) areas for the vegetation period in the Moscow megapolis. The urban soil CO 2 emission was characterized by high values comparable to urban soils in southern latitudes. Removing the topsoil layer in woody areas resulted in large CO 2 release to the atmosphere indicating high gas accumulation within the soil profile. In woody areas, the soil CO 2 emission was more strongly dependent on soil temperature than in grassy areas. The correlation between soil СО 2 emission and soil microbial biomass and soil organic carbon content was shown. Thus, the СО 2 emission from urban soils might be predicted by extrapolation of soil C mic or C org data.
